A new type of biofilter packed with composite carriers was designed for tertiary denitrification of the secondary effluent with removal of both oxidized nitrogen and suspended solids (SS). At the empty bed residence time of 15 min and organic carbon to nitrate nitrogen (C/NO 3 -N) ratios of 2, 1.5 and 1 g/g, the removal percentage of NO 3 -N was 67%, 58% and 36% in the ethanol biofilter, and was 61%, 43% and 26% in the acetate biofilter, respectively. The biofilters packed with composite carriers removed SS effectively, with the effluent turbidity in both biofilters of less than 3 NTU. During the operating cycle between the biofilter backwashings, the NO 3 -N removal percentage decreased initially after backwashing, and then gradually increased. Under C/NO 3 -N ratios of 2, 1.5 and 1 g/g, the NO3-N reduction rate was 1.75, 1.04 and 0.68 g/m 2 /d in the ethanol biofilter, and was 1.56, 1.07 and 0.76 g/m 2 /d in the acetate biofilter, respectively. In addition, during denitrification, the ratio of the consumed chemical oxygen demand to the removed NO 3 -N was 5.06-8.23 g/g in the ethanol biofilter, and was 4.26-8.6 g/g in the acetate biofilter.
Introduction
With the stringent discharging standard for removing nitrogen from wastewater, besides conventional secondary biological nitrogen removal processes, tertiary denitrification of the secondary effluent in wastewater treatment plants has been received intensive attention so as to achieve the high discharging standard.
Due to its high treatment efficiency and simple operation, biofilm systems with suspended carriers have been widely used for advanced wastewater treatment since its development as moving bed biofilm reactor (MBBR) in the late 1980s [1, 2] . In the Cole Pollution Control Plant, the MBBR system was shown to be able to reduce the influent oxidized nitrogen (NO x -N) of 7 mg/L to below 2 mg/L [3] . However, the main drawback of biofilters with suspended carriers was that the effluent contained a high concentration of suspended solids (SS). For example, by using MBBR systems, Motsch et al. [3] obtained the effluent SS was 14.5 mg/L with the influent SS of 7.3 mg/L, while Stinson et al. [4] obtained the effluent SS of 10.8 mg/L with the influent SS of 3 mg/L. Therefore, an additional process is required to remove SS after the MBBR treatment. For example, MBBR was used for tertiary denitrification in South Caboolture Water Reclamation Plant, and filtration was followed to remove SS [5] . On the other hand, when conventional sand filtration systems are used for tertiary denitrification, although a good SS removal efficiency can be achieved, a relatively low carrier filling proportion of around half reactor volume and a high head loss usually exist due to the high sand density. Based on the above situations, a new type of tertiary denitrifying biofilter with both suspended carriers (mainly used for denitrification) and sands (mainly used for the removal of SS) was proposed.
Denitrification requires electron donors such as organic carbon for the removal of oxidized nitrogen. There is limited amount of biodegradable organic matters in the secondary effluent, which cannot support adequate denitrification. Therefore, external organic carbon should be supplied for tertiary denitrification. Because carbon dosage is an important factor affecting the operating cost, several factors should be considered for choosing organic carbons, such as the denitrification rate, cost and degree of utilization [6] . Compared with methanol, denitrification with ethanol or acetate could be achieved more efficiently and was less affected by temperature [7, 8] . In addition, a high carbon dosage also increases the sludge yield, the effluent SS concentration leaving the MBBR system and the load on downstream solid-liquid separation processes [9] . Therefore, the dosage of the external organic carbon for tertiary denitrification should be carefully investigated.
In this study, under organic carbon to nitrate nitrogen (C/NO 3 -N) ratios of 2, 1.5 and 1 g/g, two tertiary denitrifying biofilters packed with composite carriers were operated at the empty bed retention time (EBRT) of 15 min. System performance and denitrifying biokinetics were examined so as to clarify their performance in denitrification and in the removal of SS with ethanol or acetate as the external organic carbon.
Materials and Methods

On-site Denitrifying Systems
The schematic diagram of the experimental system is shown in Fig. 1 mg/L, NO 3 -N was 11.58 mg/L, nitrite nitrogen (NO 2 -N) was 0.06 mg/L, pH was 6.9, dissolved oxygen (DO) was 2.4 mg/L and turbidity was 9.9 NTU. Ethanol and acetate were dosed by peristaltic pumps from stock solutions. The flow direction of both the influent and backwashing were up-flow.
The two tertiary denitrifying biofilters were operated under the EBRT of 15 min and C/NO 3 -N ratios of 2, 1.5 and 1 g/g, respectively. During the start-up period, the C/NO 3 -N ratio was 2 g/g. From the 44th day on, the two biofilters were operated at the C/NO 3 -N ratio of 1 g/g. During days 56-70, the C/NO 3 -N ratio was 1.5 g/g.
System Performance and Batch Experiments
During operation, parameters such as COD, NO 3 -N, NO 2 -N, NH 4 -N, TN, pH, DO and NTU, were tested daily to examine system performance of both biofilters.
Under steady state at each C/NO 3 -N ratio, the performance of denitrifying biofilters within an operating cycle between the biofilter backwashings was examined to evaluate the stability of the system. Samples were taken at intervals of hours 0. 
Analytical Methods
COD, NO 3 -N, NO 2 -N, NH 4 -N, TN, SS and volatile suspended solids (VSS) were tested according to standard methods for the examination of water and wastewater [10] . The pH, DO and NTU were measured using probes of pH3110 (WTW, Germany), OXI315i (WTW, Germany) and 1900C (HACH, America), respectively.
To measure the biofilm biomass, four pieces of media with biofilm were taken from the biofilter. The biomass was washed off from the suspended carriers with distilled water. SS and VSS were measured to represent the biomass concentration.
Under different operating conditions, denitrification could be described by first, half or zero-order equations. Harremoës [11] proposed that due to substrate diffusion limitation in biofilm systems, denitrification of nitrate could be described by the half-order equation.
Results and Discussion
System Performance at Different C/NO 3 -N Ratios
Dynamics of nitrate in two biofilters during the 70 days operation is shown in Fig. 2 3 -N] with ethanol. deBarbadillo et al. [14] obtained that with acetate as the organic carbon, the biofilter reached steady state after 3 days operation at 6.9-8.
Compared with previous studies, the starting up period was relatively short in the present study. The quick start up of both biofilters could be due to that (1) ethanol or acetate could support the quick growth of denitrifiers [15] ; (2) Under steady state, at C/NO 3 -N ratios of 2, 1.5 and 1 g/g, the performance of the two biofilters was summarized in Table 1 . Under C/NO 3 -N ratios of 2, 1.5 and 1 g/g, in the ethanol biofilter, the NO 3 -N removal percentage was 67%, 58% and 36%, while in the acetate biofilter, the NO 3 -N removal percentage was 61%, 43% and 26%, respectively. Therefore, with decreasing C/NO 3 -N ratios, the NO 3 -N removal percentage decreased. The performance of two biofilters was similar at the C/NO 3 -N ratio of 2 g/g, while under C/NO 3 -N ratios of 1.5 and 1 g/g, the effluent NO 3 -N concentration in the ethanol biofilter was lower than that of the acetate biofilter. At the same C/NO 3 -N ratio, the influent COD in the ethanol biofilter was much higher than that in the acetate biofilter, due to that the COD equivalent per unit carbon of ethanol (2.08 g/g) was higher than that of acetate (0.78 g/g). At the C/NO 3 -N ratio of 2 g/g, both biofilters were operated with adequate carbon sources, so their performance was similar. Under C/NO 3 -N ratios of 1.5 and 1 g/g, inadequate carbon source was the main reason causing poor NO 3 In addition, the NO 2 -N concentration was higher in the acetate biofilter than that in the ethanol biofilter.
Under C/NO 3 -N ratios of 2, 1.5 and 1 g/g, the effluent turbidity was 2.7 ± 2.0, 2.1 ± 0.5 and 1.8 ± 0.3 NTU in the ethanol biofilter and was 1.6 ± 0.4, 1.9 ± 0.5 and 1.7 ± 0.3 NTU in the acetate biofilter. Therefore, biofilters packed with composite carriers reduced SS effectively and a very low turbidity in the effluent was obtained.
Performance of Biofilters within an Operating Cycle
Under different C/NO 3 -N ratios, the performance of two biofilters within the operating cycle between the biofilter backwashings is shown in Fig. 3.   Fig. 3 . Dynamics of NO 3 -N and turbidity in both biofilters with the dosage of ethanol or acetate during an operating cycle between the biofilter backwashings.
During the operating cycle, the removal percentage of nitrate was stable in the two biofilters. At the initial 2 h, the removal rate of nitrate was slightly low. This was mainly due to that some suspended and biofilm biomasses were washed out from the biofilter. After 4 h of backwashing, both biofilters maintained a high nitrate removal efficiency, indicating that backwashing did not cause an excessive detachment of biofilm. Farabegoli et al. [16] obtained that the removal of nitrate in the initial 3 h was lower than that in the last 3 h during the operating cycle in an up-flow filter. The decrease in denitrification efficiency during the initial stage after backwashing was due to the loss of biofilm during backwashing [17] .
During the operating cycle, the effluent turbidity of both biofilters was stable. Under C/NO 3 -N ratios of 2, 1.5 and 1 g/g, the influent turbidity was 3.9, 3.9 and 4.4 NTU 0.5 h after backwashing and 4.1, 4.0 and 5.2 NTU 24 h after backwashing. In the ethanol biofilter, the effluent turbidity was 3.2, 2.8 and 2.3 NTU 0.5 h after the backwashing and 3.6, 2.3 and 1.8 NTU 24 h after the backwashing; in the acetate biofilter, the effluent turbidity was 2.2, 2.0 and 2.3 NTU 0.5 h after the backwashing and 1.5, 1.6 and 1.7 NTU 24 h after the backwashing. The reason for the slightly high effluent turbidity 0.5 h after backwashing might be due to that the detached biofilm was washed out from the biofilter. With ethanol as the organic carbon, the effluent turbidity varied significantly and was higher than that of the acetate biofilter.
Biokinetics of Biofilm Biomass and Backwashed Biofilm Biomass
Under different C/NO 3 -N ratios, dynamics of nitrite and nitrate along the biofilter depth are shown in Fig. 4 . removal rate was similar in the two biofilters, which was significantly higher than that at the C/NO 3 -N ratio of 1 g/g. At C/NO 3 -N ratios of 2, 1.5 and 1 g/g, in the ethanol biofilter, the NO 3 -N reduction rate was 1.75, 1.04 and 0.68 g/m 2 /d, respectively. In the acetate biofilter, the NO 3 -N reduction rate was 1.56, 1.07 and 0.76 g/m 2 /d, respectively. The NO 3 -N reduction rate decreased with decreasing C/NO 3 -N ratios. At the C/NO 3 -N ratio of 2 g/g, the NO 3 -N reduction rate was high in the ethanol biofilter, which could be due to that the dosed COD in the ethanol biofilter was high. While under C/NO 3 -N ratios of 1.5 and 1 g/g, the NO 3 -N reduction rate was higher in the acetate biofilter than that in the ethanol biofilter. Constantin and Fick [18] concluded that ethanol must be converted into acetate firstly for further utilization, while acetate could be utilized directly by microorganisms, so its denitrifying rate was higher than that of ethanol.
During denitrification, NO 2 -N accumulation has been received intensive attentions in lots of studies [19] . The accumulation of NO 2 -N could be due to that: (1) the NO 3 -N denitrifying rate was higher than that of NO 2 -N [20], (2) some denitrifiers only denitrify NO 3 -N to NO 2 -N [21] , and (3) low temperature results in a decreased activity of denitrifiers [16] . NO 2 -N accumulation occurred in both biofilters under all C/NO 3 -N ratios during denitrification. In the ethanol biofilter, under C/NO 3 -N ratios of 2, 1.5 and 1 g/g, the highest Biokinetics of the backwashed biofilm biomass are given in Table 2 . Compared with biofilter biofilm, the NO 3 -N reduction rate and the NO 2 -N accumulation rate of the backwashed biofilm biomass was much higher. This confirmed that diffusion limitation occurred within biofilm systems, inducing a low microbial activity. Usually, denitrification could be divided into the step of denitrifying NO 3 -N to NO 2 -N and the step from NO 2 -N to N 2 .
During denitrification, the denitrifying NO 2 -N rate was obtained by subtracting the NO 2 -N accumulating rate from the denitrifying NO 3 -N rate. In both biofilters, at the C/NO 3 -N ratio of 2 g/g, the denitrifying NO 2 -N rate of the backwashed biofilm biomass was high; while under C/NO 3 -N ratios of 1.5 and 1 g/g, the denitrification NO 2 -N rate of biofilter biofilm was high.
Therefore, for the backwashed biofilm biomass, the rate of denitrifying NO 3 -N to NO 2 -N was enhanced higher than that of denitrifying NO 2 -N to N 2 , especially under high C/NO 3 -N ratio conditions, resulting in a high NO 2 -N accumulation potential. However, in biofilm systems, due to the limitation, the step of denitrifying NO 3 -N to NO 2 -N was lowered, especially under low C/NO 3 -N ratio conditions, inducing a low NO 2 -N accumulation potential. This should be received a high attention during the operation of tertiary biofilters. 3 -N, r NO2-N means the production rate of NO 2 -N, and r net means the denitrifying rate of NO 2 -N (equals to r NO3-N-r NO2-N ).
Conclusions
(1) The two denitrifying biofilters reached steady state after only 5 days operation. At C/NO 3 -N ratios of 2, 1.5 and 1 g/g, the NO 3 -N removal percentage was 67%, 58% and 36% in the ethanol biofilter, and was 61%, 43% and 26% in the acetate biofilter.
(2) The biofilters packed with composite carriers removed SS effectively. Under C/NO 3 -N ratios of 2, 1.5 and 1 g/g, 24 h after the backwashing, the effluent turbidity was 3.6, 2.3 and 1.8 NTU in the ethanol biofilter, and was 1.5, 1.6 and 1.7 NTU in the acetate biofilter, respectively. 
